The accuracy of cavitation CFD is not sufficient for the flow around very simple geometries such as single hydrofoil. The lift force and the cavity length are underestimated particularly for the high angle of attack cases. One of the possible reasons of the discrepancy is the singular characteristic of sheet cavitation in the boundary layers that is not taken into account in the recent cavitation models. It was observed that the sheet cavitation is not initiated in the laminar boundary layers. The inception and growth of the sheet cavitation occurs at the reattachment point of the laminar boundary layer separation or at the transition point of the laminar boundary layer to the turbulent boundary layer. These characteristics were reported in many literatures however they are not well modeled for cavitation CFD. In this paper the laminar boundary layer zone is identified for NACA0015 hydrofoil from the high speed video observation. Then, cavitation CFD is carried out by deactivating the cavitation model at the estimated laminar boundary layer zone. This modified cavitation CFD results are discussed and compared to conventional cavitation CFD results and measurement results.
Introduction
Cavitation CFD prediction functions are built in many commercial codes currently, and are frequently used in the development and design of turbomachinery such as pumps, hydraulic turbines and the ships propellers. On the other hand, whether the analysis accuracy of them is sufficient or not remains a matter of debate. In Japan, the effect of the cavitation coefficient on the lift force of a hydrofoil was analyzed with various kinds of cavitation CFD codes and the prediction performance was evaluated in the "Industry-University Collaborative Research Project on Numerical Predictions of Cavitating Flows in Hydraulic Machinery" conducted in Turbomachinery Society of Japan from 2009 to 2011. As a result, it was found that none of these codes gave sufficient analysis accuracy, and the reliability of cavitation CFD came into question. (1) Responding to this situation, several groups began studies after the project to track down the cause and discuss improvement measures. (2) (3) (4) (5) As part of them, this study also conducts an analysis of the NACA0015 hydrofoil that was analyzed in the above project, considering the characteristics of cavitation in a boundary layer that was not considered sufficiently in the existing analysis, and evaluates its effect on analysis accuracy.
Target of the Analysis
The target of the analysis is the flow around the NACA0015 hydrofoil installed in a cavitation tunnel. The result of an experiment conducted in Marine Propeller Cavitation Tunnel at The University of Tokyo is used as the verification data (1) . The analytical domain is determined according to this experiment. The shape of the cross section of the measuring part in the tunnel is 600 mm in length and 150 mm in width. The chord length of the NACA0015 hydrofoil is 150 mm and the width 150 mm. In this study the analysis is conducted under the conditions of the inlet flow velocity = 8 m/s (constant) and the angles of attack = 6° and 8°. The analytical domain ranges up to 5C upstream from the center of the chord and down to 5C downstream from it, where C is the length of the chord. For details of other analysis conditions, see the reference (1) . The analysis code used in this study is a commercial cord, ANSYS-FLUENT. In a two-dimensional steady analysis, the number of grids is about 90,000, the turbulent model is SST-k-ω model, and the cavitation model is the Zwart-Gerber-Belami model (6) .
In this study, the analysis result is arranged using the lift coefficient, Cl, with the cavitation coefficient, σ, and the static pressure coefficient, Cp, defined below:
where p is static pressure, p∞ and u∞ are the average static pressure of flow and the flow velocity at the inlet of the analytical domain respectively, pV is saturated vapor pressure, ρl is the density of single-phase water, Fl is lift force, and S is the area of blade.
Characteristics of Cavitation in a Boundary Layer
The scale of the microscopic behavior of bubbles those form cavitation is extremely small compared to the representative dimensions of pump impellers, hydraulic turbine runners, and the blades of a ship propellers. It is therefore difficult to directly analyze the overall flow of fluid machinery using grids with a size that can track or capture the surface phenomena of cavitation bubbles. Thus, most of the current cavitation CFD use a so-called cavitation model, in which grids that can resolve the flow around the blades of fluid machinery are used, and cavitation phenomena with a sub-grid scale is modelled using simplified equations. Many kinds of cavitation models have been proposed. Here, as a representative example, the model by Chen and Heister shown in Eq. (4) is introduced which was proposed in an early stage and therefore simple, and whose physical meaning is easy to understand. (7) The ZwartGerber-Belami model mentioned above is one of the models developed based on the model by Chen and Heister.
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where ρ is the local average density of the mixed fluid of gas (vapor phase) and liquid phase, and p is the static pressure defined locally in the mixed fluid. In this equation it is assumed that when there is a difference between the local static pressure and the saturated vapor pressure in a mixed fluid of water and vapor, the progress of phase change depends on the magnitude of the difference, with 'c' being the empirical constant that determines the change rate. If the local static pressure equals to the saturated vapor pressure, phase change does not progress anymore, resulting in an equilibrium state with a constant mixed-fluid density. In other words, it is assumed in this model that a water-vapor system has a nature of proceeding to an equilibrium state. This is an easy to understand concept, but it has to be noted that there are many cases familiar to us where an equilibrium state is not easily reached such as supercooling and supersaturation.
As a result of a literature research in this study, it became apparent that many cases were reported in actual cavitation where an equilibrium state was not reached in a short time and a nonequilibrium state continued. For example, it was reported by Huang and Peterson that the occurrence of cavitation on a hydrofoil was limited to the location of separation-reattachment of a laminar boundary layer or the location of transit from a laminar boundary layer to a turbulent boundary layer. Therefore, they point out that the characteristics of Reynolds numbers and boundary layers differ among blades with different sizes even if their shape is identical, and as a result, the positions of the occurrence of cavitation also greatly differ among them, leading to the difference between small-scale model tests and actual blade tests. (8) Kuiper reported a similar result, showing that cavitation did not occur when a laminar boundary layer remained on a hydrofoil even if the absolute static pressure was negative, meaning that a tensile force existed in water. (9) Kato et al. briefly summarized in his book the occurrence conditions and types of cavitation as a flowchart, which showed a result similar to the above ones. (10) From the above results, it is anticipated that a cavitation analysis of hydrofoils that does not appropriately consider the characteristics of cavitation in a boundary layer does not give sufficient accuracy. Phase change of liquid water does not occur in a laminar boundary layer, and cavitation occurs only after fluctuations by turbulent flow transition. It resembles the bumping phenomena occurring by stimulation after a supersaturation (superheated) state is reached by gentle heating or rapid heating of still water.
On the basis of the above discussion, an important subject of this study is to predict with high accuracy the separationreattachment of a laminar boundary layer on a hydrofoil or the transition from a laminar boundary layer to a turbulent boundary layer. An option to achieve this is to conduct a high-accuracy three-dimensional turbulent analysis such as LES and identify, using that result, the location where a laminar boundary layer disappears. However, whether LES should be adopted or not is a continuous matter at present because an LES analysis requires considerable computational resources/loads, and to what degree the result of a single-phase LES analysis can be applied to the occurrence of cavitation is not clear in consideration of the possibility that cavitation itself may change the characteristics of a boundary layer. In this study, therefore, we decided to obtain it from the image of the experimental result as a simpler and more reliable method. By observing the high speed motion pictures of the occurrence of cavitation on the NACA0015 blade at angls of attack of 6° and 8°, it was found that the front edge location of sheet cavitation did not change very much when the cavitation coefficient changed. It was also found that the front edge location of sheet cavitation was not influenced very much by the unsteady fluctuation of cavitation on the blade. The front edge location of sheet cavitation was measured based on the image, and it was 7.8 % of the chord length downstream from the forward edge of the blade for the angle 6°, while 5.5 % of the chord length downstream for the angle 8°. In this study, using these values, and on the assumption that a laminar boundary layer is kept from the stagnation point at the leading edge of the hydrofoil blade to the location of these values although this is considerably an artificial assumption, the cavitation model is deactivated upstream of these points and it is applied downstream of them. In the next chapter, the case this method is adopted is compared with the case the cavitation model in a standard manner is used. Fig. 1 shows the comparison between the experimental value of distribution of the static pressure coefficient, CP, on the blade under the no-cavitation condition, and the calculated value by an incompressible analysis not considering cavitation for angls of attack of 6° and 8°. As seen in Fig. 1 , there is close agreement between the experimental value and the calculated value. The validity of the incompressible analysis, which is the start point of the cavitation analysis, was ascertained. Fig. 2 shows the σ-Cl diagram for angles of attack of 6° and 8°. For 6°, when a laminar boundary layer is considered, the point from which the lift force begins to decrease moves toward the lower side of σ, that is, the direction coming close to the experimental result, compared to the calculation result using the standard cavitation model. However, the trend that the lift force increases and then decrease in the low-σ region is not predicted in the calculation. For 8°, when a laminar boundary layer is considered, the point from which the lift force begins to decrease moves toward the lower side of σ compared to the calculation result using the standard cavitation model. However, the trend that the lift force does not decrease until σ is about 1.2, which is seen in the experimental result, is not predicted. The trend that the lift force decreases as σ decreases is common in two types of calculation results, which is a considerable difference compared to the experimental result. Fig . 3 shows the comparison of the calculation result and the experimental result for the static pressure distribution on a blade surface for σ = 1.8. Fig. 4 shows the stream lines around the blade and the void fraction distribution. It is seen in Fig. 3 that there is good agreement between the experimental result and the calculation result for the static pressure distribution on the pressure surface even when cavitation exists. When a laminar boundary layer is considered, the peak of the lowest static pressure upstream from the point the laminar boundary layer ends becomes lower than the saturated vapor pressure, but is higher than the peak of negative pressure of the analysis result without cavitation. On the other hand, when the standard cavitation model is used, the saturated vapor pressure is nearly equal to the lower limit of the static pressure. The validity of the pressure being lower than the saturated vapor pressure cannot be verified as there is no static pressure measuring point at the relevant position. In the experiment, it is not easy to obtain reliable data because absolute negative pressure cannot be measured easily and a pressure measuring hole itself may become a cavitation generation source. In Fig. 3 , the length of cavitation is predicted to be smaller compared to the experiment. This tendency is also pointed out in a past study. (1) It is also seen in Fig.4 that the position of the front edge of sheet cavitation moves downstream in the analysis considering a laminar boundary layer compared to the standard model. In both results the stream line is separated from the front edge of sheet cavitation.
Results and Discussion

Conclusion
As a cavitation fluid analysis of the NACA0015 hydrofoil, calculation was conducted considering the nature that cavitation did not occur in a laminar boundary layer. Although some improvement was seen in the calculation result, the prediction accuracy was not sufficient yet. Overall improvement considering cavitation models, turbulent models, computational schemes, analysis grids, three-dimensionality, unsteadiness, etc., is needed.
